In this paper, the effect of mixing ratio of raw materials, curing temperature and time on geopolymerization between red mud and rice husk ash were investigated. The results showed that the optimum conditions were SiO 2 /Al 2 O 3 ratio of 4 and Na 2 O/Al 2 O 3 ratio of 2.0, curing temperature of 100 o C and curing time of 24 hours. The compressive strength, bulk density, total shrinkage of the obtained product were 22.8 MPa, 2.39 g.cm -3 , 15 %, respectively that met requirement of unsintered bricks using for construction.
INTRODUCTION
Geopolymer which is amorphous appears to be a potential alternative to the classic hydraulic binders. The exothermic reaction of geopolymerization generates a structure similar to zeolites [1] that is mainly produced from the reaction between metakaolin (source of Si and Al) and hydroxides or alkaline silicate solutions [2, 3, 4] . According to D. Kim et al. [5] , geopolymers can be classified into two major groups: (i) pure inorganic geopolymers and (ii) organic containing geopolymers. The geopolymerization mechanism involves Si and Al dissolution from the starting materials and forms available polysialate units (e. 4 ] tetrahedral units, with charge balance ensured by Na + or K + ions [3] . Moreover, geopolymers have the advantage to be possibly formulated from a wide range of aluminosilicate minerals (e.g. fly ash, red mud, rice husk ash) [6 -12] . This diversity in material sources places it as interesting solution for red mud incorporation.
Red mud (RM) is the major waste of the Bayer alumina extraction process from bauxite. The worldwide annual amount of RM is about 50 to 80 million tons [13] . In Vietnam, around 5.5 billion tons of bauxite is reserved in Taynguyen plateau. Therefore, many aluminum plants have been developed in this plateau in recent years. At the moment, Tanrai (Lamdong) and Nhanco (Daknong) alumina-plant emit approximately 650,000 tons of dry RM per year. The main compositions of RM consist of different forms of iron and aluminum oxide minerals, calcium aluminum silicates, sodium, etc. and a redundant alkaline amount, which are hazardous, strongly contaminates soil and groundwater, and destroys ecosystems. Therefore, much research has been performed to encourage reusing RM to produce valuable products, and hence minimize its damage to the environment. Nowadays, most studies of RM utilization, which mainly focus on certain fields such as arsenic adsorption from aqueous solution [14] , glass-ceramics manufacturing [7] , sintered bricks [15] , steelmaking [16, 17] , unsintered bricks [10, 11] , iron, alumina and titanium oxide recovering [18, 13] , , inorganic pigments [19] , rare earths recovering [20] , Portland cement clinker manufacturing [21] , et., have been reported. However, research of the geopolymering process between RM and clay or fly ash in manufacturing unsintered bricks is highly concerned.
Rice husk ash (RHA) being common residue of agricultural production in Vietnam is also under research with the same aim. According to The Ministry of Agriculture and Rural Development data, Vietnam produced 45 million tons of rice in 2015 and was followed by approximately 9 million tons of rice husk that was combusted and released an estimated calorific value of around 3400 kcal per kg. Therefore, this massive amount of rice husk was mainly used as a combustible fuel. During the combustion, 25 % (w/w) of rice husk turns into ash mainly consisting of amorphous SiO 2 (over 80 %) which is highly active and easily reacts with Al 2 O 3 in RM through geopolymerization.
In the article, the manufacturing process of geopolymers from RM and RHA was investigated. In short, the effect of synthesis factors, i.e., material composition, curing time and temperature, on physico-mechanical properties of the obtained geopolymers was discussed.
EXPERIMENTAL

Raw materials
Red mud employed in this study was collected from the waste storage of Lam Dong aluminium plant producing alumina from Tanrai bauxite. The plant is located in Baolam district, Lam Dong province, Vietnam (Fig. 1) . Rice hush ask (RHA) was residue of drying oven using rice husk, collected at Phongdien Prime Joint Stock Company, Thua Thien Hue province, Vietnam.
The RM and RHA were dried at 105 o C for 24 h, grinded using ball mill, and sieved through a mesh (the diameter of the mesh is 0.154 mm).
Preparation of geopolymers
The manufacturing process of geopolymers from RM and RHA is shown in Fig. 2 Physico-mechanical properties of samples were determined by methods mentioned in the Vietnam standards TCVN 6477:2011. The compressive strength R (MPa) was calculated from Eq. (1).
where, F (N) is the force of breaking specimens, S (mm 2 ) is the average value of force area of specimens.
The total shrinkage T (%) was calculated from Eq. (2).
where, V 0 and V (cm 3 ) are the volume of specimen before and after curing, respectively.
The bulk density D (g.cm -3 ) was calculated as the ratio of specimen mass (m) to its volume (V).
The RM was characterized by thermogravimetry (TG) and differential scanning calorimetry (DSC) using Labsys TG/DSC Setaram (France) in ambient atmosphere with the maximum temperature of 800 o C, heating rate of 10 o C.min -1 .
Crystal phase of the RM, RHA and geopolymers were determined by X-ray diffraction (XRD) using Bruker D8 Advance (Germany) with λ CuKα = 1.5406 Å.
The chemical components of the RM and RHA were determined by the Xray Fluorescence (XRF) method using Advan't XAA173 equipment (Thermo Scientific brand).
The particle size analysis of RM was carried out using a laser scattering particle size distribution analyzer (LA-950V2, Horiba).
The morphology of geopolymers was observed by scanning electron microscope using a Jeol JSM 5410LV and transmission electron microscope using a Jeol JEM-1010. Atomic composition of geopolymers were indicated in Energy-dispersive X-ray spectrum (EDX) using JSM Jeol 5410LV apparatus (Japan) with Oxford ISIS 300 system (England). IR spectrum of the geopolymers was analyzed on IR Prestige-21 device (Shimadzu, Japan).
RESULTS AND DISCUSSION
Raw materials characterization
Chemical compositions of RM and RHA are shown in Table 2 . It was obvious that there were a large amount of Al 2 O 3 (up to around 47 %) in RM and SiO 2 (up to around 89 %) in RHA. Both of main composition of RM and RHA were suitable reactants of geopolymerization reaction to produce geopolymers. Moreover, Na 2 O accounted for 4.4 % of RM mass, which was the main source causing high-alkalinity in RM and a beneficial active agent in geopolymerization. Table 3 . The results showed that RM exhibited high alkalinity (pH > 11) that exceeded its limitation in The Vietnamese Standards TCVN 7377-2004 for cultivated land. This could severely damage the ecosystem and cause environment pollution. This result was similar to Hai et al's report [22] . The particle size distribution of the RM is given in Fig. 3 . Mean particle size (diameters on cumulative 50 %) of the RM is 0.78 µm. The particle size distribution of RM varies from 0.33 µm (diameter on cumulative 10 %) to 1.33 µm (mean diameter on cumulative 90 %).
XRD patterns of RM illustrated in Fig. 4A indicated a large amount of amorphous phase existing in RM. Main crystal phase of RM was observed by high intensity peaks of gibbsite Al(OH) 3 . Crystal phase of hematite Fe 2 O 3 and goethite FeO(OH) were also discovered despite low intensity peaks. This demonstrated that Fe 2 O 3 playing as main chemical composition of RM mainly existed in form of amorphous or microcrystal phase.
For the RHA (Fig. 4B) , the amount of cristobalite (SiO 2 ) that was noble and harmful for geopolymerization could be observed in RHA due to the burning of rice husk at high temperature. Morphology and particle size of RM and RHA are observed on the base of SEM images performed in Fig. 6 . As can be seen, RM particles were rather uniform and fine, sizing from 10 to 40 µm, while, the structure of RHA was proved to be porous with large surface area, sizing from 80 to 100 nm. These contributed to the enhancement of efficiency of geopolymerization between RM and RHA.
The effect of initial composition on the physico-mechanical properties of geopolymers
Compressive strengths of geopolymers constituted by different molar ratios of SiO 2 /Al 2 O 3 and Na 2 O/Al 2 O 3 and at room temperature for 35 days are illustrated in Fig. 7 . When the amount of SiO 2 increases due to the rise of the amount of RHA, the efficiency of geopolymerization is enhanced and this results in the uptrend of compressive strength value. This is demonstrated in the range of SiO 2 /Al 2 O 3 molar ratio from 3 to 4. However, when SiO 2 /Al 2 O 3 molar ratio values are more than 4, compressive strength of samples decreases. This might be because the redundant amount of SiO 2 plays as impurity that badly impact to the quality of samples and the geopolymerization gets equilibrium at SiO 2 /Al 2 O 3 molar ratio of 4. When fixing SiO 2 /Al 2 O 3 molar ratio, the increase of Na 2 O/Al 2 O 3 molar ratio from 1 to 2 made the compressive strengths of geopolymers surge remarkably. Samples prepared with Na 2 O/Al 2 O 3 molar ratio of 2, SiO 2 /Al 2 O 3 molar ratios of 4 and 5, exhibited the value of compressive strengths that met the Vietnam standard TCVN 6477-2011 for unsintered bricks using for construction. When increasing Na 2 O/Al 2 O 3 molar ratio to 2.5, the mixture became too doughy that caused difficulty in shaping and some cracks were found on the surface of dry samples. Therefore, the proper Na 2 O/Al 2 O 3 molar ratio was 2.0. This survey proved an important role of NaOH in geopolymerization between RM and RHA and the mechanism of this process was predicted as follows [1, 4] :
The effect of curing temperature and time on the physico-mechanical properties of geopolymers
From the above results, the suitable molar ratios of initial material for producing geopolymers were Na 2 O/Al 2 O 3 of 2.0 and SiO 2 /Al 2 O 3 of 4. In order to infer the effect of curing temperature and time on the physico-mechanical properties of the obtained geopolymers, samples were prepared with the same constituents of initial material at different temperatures and times. The changes of compressive strength of samples were represented in Fig. 8 . Fig. 8A , at room temperature, almost values of compressive strength of geopolymers cured for different times were rather low and lower than the standard value of TCVN 6477-2011 until 35 days. This result was similar to the Kumar's report of producing geopolymers from RM and fly ash [10] . Figure 8B showed the changes of compressive strength of samples cured at different temperatures from 50 to 200 o C for different curing times. As can be seen, the higher curing temperature was, the shorter curing time was, i.e., at 50; 100; 150 and 200 o C, the compressive strength of samples met TCVN 6477-2011 after about 24; 12; 8; 4 hours for curing, respectively. Among the surveyed temperatures, at 100 o C, the maximum value of compressive strength was about 33.4 MPa after 72 hours and higher than that at remaining temperatures. However, 24 hours was still enough for curing samples that exhibited compressive strength (22.8 MPa) met the TCVN 6477-2011. Under strong effect of high temperature, e.g., 150 and 200 o C, many cracks were observed on the surface of samples, thus, the maximum value of compressive strength (only around 30 MPa) was smaller than that at 100 o C. Total shrinkages and bulk density of geopolymers prepared at different curing temperatures for different times were illustrated in Fig. 9 . In general, for the same curing time, total shrinkage and bulk density values of samples prepared at 50 o C were always much lower than those at other curing temperatures. At 100 and 150 o C, these properties of samples increase strongly, when curing time rises from 12 to 24 hours. After 24 hours, total shrinkage and bulk density values of geopolymers seem to be unchanged. The maximum value of total shrinkage and bulk density of geopolymers at 100 o C were nearly 13 % and 2.4 g.cm -3 .
According to
In conclusion, the higher curing temperature and longer curing time were, the higher physico-mechanical properties of samples were. That was because at high temperature and for long time, the amount of water released from the formation of bonding between -Al-OH and -Si-OH groups was large, thus, the efficiency of geopolymerization between Al 2 O 3 and SiO 2 was enhanced [23] . For the purpose of saving energy and time, 100 o C and 24 hours seem to be suitable for geopolymerization between RM and RHA, the physico-mechanical properties of obtained geopolymers met TCVN 6477-2011. The surface morphology of geopolymers cured at 100 o C for different times from 12 to 72 hours (notated from M4-2.0-100-12 to M4-2.0-100-72) was observed on the basis of SEM images shown in Fig. 10 . As can be seen, the increase of compact degree of samples was followed by the intensification of curing time, i.e., after 12 hours for curing sample, samples structure was still porous, contained many empty holes and rod crystallites that were disappeared in structure of samples cured for longer times (24 to 72 hours). These remarks get agreement with the variation of physico-mechanical properties of product learned from above investigations. Yet again, this confirmed the suitable conditions for manufacturing geopolymers were SiO 2 /Al 2 O 3 molar ratio of 4, Na 2 O/Al 2 O 3 molar ratio of 2.0; curing temperature of 100 o C and curing time of 24 hours (sample M4-2.0-100-24).
A B C D
Characterization of geopolymers
EDX diagram of M4-2.0-100-24 was shown in Fig. 11 . Obviously, main constituents of sample were SiO 2 , Fe 2 O 3 , Al 2 O 3 , Na 2 O, K 2 O, TiO 2 , CaO, which were common oxides in initial materials (RM and RHA). The proportions of its atomic compositions were similar to those in the initial materials. The difference of crystal phase compositions between RHA, RM and M4-2.0-100-24 sample was revealed in XRD diagram shown in Fig. 12 . Peaks' intensity of main crystal phases of initial materials (RM and RHA), i.e., gibbsite (Al(OH) 3 ), cristobalite (SiO 2 ), geothite (FeO(OH)), were significantly lessened in XRD line of M4-2.0-100-24 sample. This meant the reaction between SiO 2 and Al(OH) 3 took place nearly completely to form geopolymers. 
CONCLUSIONS
Geopolymers was successfully synthesized from RM and RHA under the most appropriate conditions that were: (i) initial material compositions were RM, RHA and NaOH with SiO 2 /Al 2 O 3 molar ratio of 4 and Na 2 O/Al 2 O 3 molar ratio of 2.0; (ii) curing temperature of 100 o C; (iii) curing time of 24 hours. The physico-mechanical properties including compressive strength, total shrinkage and bulk density of obtained product were 22.8 MPa, 2.39 g.cm -3 , 15%, respectively, that met the standard for unsintered brick using for construction.
